Diffusion and Sedimentation Interaction Parameters for Measuring the Second Virial Coefficient and Their Utility as Predictors of Protein Aggregation  by Saluja, Atul et al.
Biophysical Journal Volume 99 October 2010 2657–2665 2657Diffusion and Sedimentation Interaction Parameters for Measuring the
Second Virial Coefficient and Their Utility as Predictors of Protein
AggregationAtul Saluja,† R. Matthew Fesinmeyer,† Sabine Hogan,† David N. Brems,‡* and Yatin R. Gokarn†*
†Process and Product Development, Amgen, Seattle, Washington; and ‡Process and Product Development, Amgen,
Thousand Oaks, CaliforniaABSTRACT The concentration-dependence of the diffusion and sedimentation coefficients (kD and ks, respectively) of
a protein can be used to determine the second virial coefficient (B2), a parameter valuable in predicting protein-protein interac-
tions. Accurate measurement of B2 under physiologically and pharmaceutically relevant conditions, however, requires indepen-
dent measurement of kD and ks via orthogonal techniques. We demonstrate this by utilizing sedimentation velocity (SV) and
dynamic light scattering (DLS) to analyze solutions of hen-egg white lysozyme (HEWL) and a monoclonal antibody (mAb1)
in different salt solutions. The accuracy of the SV-DLS method was established by comparing measured and literature B2 values
for HEWL. In contrast to the assumptions necessary for determining kD and ks via SV alone, kD and ks were of comparable
magnitudes, and solution conditions were noted for both HEWL and mAb1 under which 1), kD and ks assumed opposite signs;
and 2), kDR ks. Further, we demonstrate the utility of kD and ks as qualitative predictors of protein aggregation through agitation
and accelerated stability studies. Aggregation of mAb1 correlated well with B2, kD, and ks, thus establishing the potential for kD
to serve as a high-throughput predictor of protein aggregation.INTRODUCTIONThe second viral coefficient, B2, is a measure of weak
solute-solute interactions resulting from nonideal solution
behavior (1,2). Negative B2 values are interpreted to indicate
the presence of weak, net-attractive forces between solute
molecules while positive values are taken to reflect weak
repulsive forces. From a physiological perspective, B2
values and protein-protein interactions, in general, are being
increasingly studied to better understand protein assembly
processes and fibril formation in various neurodegenerative
diseases and disorders (3–7). The B2 has found significant
utility in predicting solution conditions that favor pro-
tein crystallization (8). In the 1990s, George and Wilson
(2) demonstrated that a narrow range of negative B2 values,
termed the crystallization slot, correlated well with the
crystallization propensity of proteins. There is also interest
in using B2 as a predictor of colloidal stability and protein
aggregation in pharmaceutically relevant process streams
and products (9–12). Consequently, several methods that
employ x-ray, neutron or static-light scattering (13,14),
sedimentation equilibrium (15,16), size-exclusion chroma-
tography (SEC) (17–19), or self-interaction chromatog-
raphy (SIC) (20,21) have been described for measuring
the B2.Submitted June 23, 2010, and accepted for publication August 10, 2010.
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0006-3495/10/10/2657/9 $2.00Another approach for determining B2 is to employ its
relationship to the diffusion and sedimentation interaction
parameters, kD and ks (Eq. 1), as developed by Harding
and Johnson (22),
B2 ¼ ks þ kD þ n
2M
(1)
In Eq. 1, M is the molecular mass and n the partial specific
volume. The sedimentation and diffusion interaction param-
eters kD and ks are determined from the first-order, concentra-
tion dependence of the diffusion (D) and sedimentation (s)
coefficients respectively, as shown in Eqs. 2 and 3, in which
D0 and s0 represent the coefficients of the solute at infinite
dilution,
D ¼ D0ð1 þ kD  cÞ; (2)
1
s
¼ 1
s0
ð1 þ ks  cÞ: (3)
Modern dynamic light scattering (DLS) instruments (23–
25) and programs for the analysis of sedimentation velocity
(SV) data (26–28) facilitate rapid and accurate determina-
tion of D and s, and thus kD and ks.
Solovyova et al. (29) have argued that both ks and kD, and
hence B2, can be reliably determined from SV experiments
alone. The authors’ analysis relies on solution conditions
under which ks> kD, and ks and kD have the same sign (either
both þve or –ve). While this may hold true under certain
solution conditions (e.g., molar concentrations of salt),
under physiologically relevant conditions ks and kD are often
of comparable magnitudes and can bear opposite signs.doi: 10.1016/j.bpj.2010.08.020
2658 Saluja et al.Therefore, concentration dependences of D and s need to be
determined independently via orthogonal techniques. We
demonstrate this with B2 values for hen-egg white lysozyme
(HEWL) obtained using SVand DLS experiments.
The utility of B2 for predicting colloidal stability of
proteins is well recognized; however, its measurement has
been nontrivial. This is primarily because the classical sedi-
mentation equilibrium and static light scattering (SLS) tech-
niques are resource-intensive and may not be suitable for
high-throughput application. SLS measurements, used more
commonly for this purpose, are affected by presence of dust
particles and require rigorous sample cleaning procedures.
In contrast, the measurement of kD, especially on instruments
that utilize back-scattering technology, is possiblewith signif-
icantly less interference from dust particles. In this work, we
demonstrate that kD measurements provide an alternative
high-throughput tool for predicting the colloidal stability of
proteins and for screening studies to identify solution condi-
tions that minimize protein aggregation. In support of our
thesis, we present heat- and agitation-induced aggregation
data for an IgG2 monoclonal antibody (mAb1) in different
solutions along with the corresponding B2 and kD measure-
ments as predictors of mAb1 aggregation.MATERIALS AND METHODS
Materials
Hen-egg white lysozyme (HEWL; Cat. No. L7651) was obtained from
Sigma (St. Louis, MO). Bulk drug lot of an IgG2 monoclonal antibody
(mAb1) was received from the Amgen Process Development group at
a concentration of 70 mg/mL in 10 mM acetate with 9% (w/v) sucrose at
pH 5.2 (A52Su). The formula molecular mass for mAb1 is 148 kDa and
the pI is 8.8. All other chemicals used in the preparation of buffers were
of analytical grade or better.
Methods
Sample preparation
Second virial coefficient measurements for HEWL were conducted in solu-
tions containing 10 mM acetate at pH 4.6 (A46) and 100–400 mM sodium
chloride. First, a HEWL stock solution was prepared by mixing the lyophi-
lized protein powder in a given acetate-NaCl solution to achieve a concentra-
tion of ~60mg/mL.TheHEWLstock solutionwas subjected to further buffer
exchange by passing it through an Illustra NAP-5 (GE Healthcare, Piscat-
away NJ) gel filtration column equilibrated with a given acetate-NaCl solu-
tion. The eluate was mixed with an appropriate volume of the acetate-NaCl
solution to generate a series of HEWL samples ranging from 3 to 22mg/mL.
For mAb1, B2 measurements were conducted in a 10 mM acetate buffer
at pH 5.0 (A5) containing various Hofmeister salts. The salts tested in the
study were sodium chloride (0–100 mM), sodium acetate (50 mM), sodium
iodide (50 mM), and sodium thiocyanate (50 mM). For each solution condi-
tion tested, the mAb1 bulk at ~70 mg/mL protein in A52Su was desalted
and buffer exchanged into the desired buffer using Illustra NAP-5 columns
(GE Healthcare). The eluate from the NAP-5 column, with ~35 mg/mL
protein, was mixed with an appropriate volume of buffer to generate a series
of protein concentrations between 1 mg/mL and 16 mg/mL. Additional
measurements were conducted for mAb1 in propionate, glutamate, succi-
nate, and citrate buffers (50 mM) at pH 5.0 with no added salt. Samples
were prepared similar to those in acetate buffer. All stock solutions contain-Biophysical Journal 99(8) 2657–2665ing buffering agents were prepared from the acid form of the buffer and
adjusted to the desired pH using sodium hydroxide.
Dynamic light scattering
Dynamic light scattering (DLS) experiments were conducted using the
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Measure-
ments were conducted at 25C for HEWL and 20C for mAb1. One-
hundred microliters of a given protein solution was placed in a disposable
DTS1060 folded-capillary cuvette (also from Malvern Instruments) and
analyzed in the DLS mode for measurement of the diffusion coefficient.
Twenty 10 s measurements were averaged for a given protein solution to
determine the diffusion coefficient.
Sedimentation velocity
Sedimentation velocity experiments were performed using a ProteomeLab
XL-I analytical ultracentrifuge. (Beckman-Coulter, Brea, CA). Samples
were centrifuged at 50,000 RPM at 25C for HEWL and 20C for mAb1.
For both proteins, 12-mm pathlength cells were used except for the two
highest concentrations which were analyzed using 3-mm pathlength cells.
Sedimentation was monitored using the interference optical system. The
software programs SEDFIT (HEWL) and DCDTþ (mAb1) were employed
to analyze the SV data. The weight-average sedimentation coefficients were
determined from the c(s) distributions (27) and g(s*) analyses (26).
Quiescent storage accelerated stability study
Accelerated stability studies were performed with 10 mg/mL mAb1 in: 1),
10 mM acetate, pH 5.0 with 50 mM sodium-anion (CH3COO
, Cl, I, and
SCN) salts and 2), 50 mM propionate, glutamate, succinate, or citrate,
pH 5.0 with no added salt. The protein solutions were sterile filtered into
3-cc vials using 0.22-mm cellulose-acetate filters and placed at 45C for a
period of 15 weeks. The change in %-monomer remaining in solution
was determined by size-exclusion chromatography. The loss in %-monomer
was concomitant with an increase in the % aggregates.
Size-exclusion chromatography
Size-exclusion chromatography (SEC) was performed on a model No. 1100
HPLC system (Agilent, Santa Clara, CA). The samples (35 mg load) were
injected into a Tosoh Bioscience (Montgomeryville, PA) TSKG3000SWl
column (5mm 7.8  300 mm, Cat. No. CHO-1252) and separated with an
isocratic elution using a mobile phase consisting of 100 mM sodium phos-
phate, 250 mM sodium chloride, pH 6.8 at a flow rate of 0.5 mL/min. The
detection was performed by monitoring ultraviolet absorbance at 235 nm.
The chromatogram was divided into regions representing the protein mono-
mer, high-molecular-weight species, and low-molecular-weight species.
Their respective areas were calculated relative to the total area of the three
regions. The recovery (total integration area of the three assigned regions)
was also monitored throughout the study.
Agitation studies
To accelerate particle formation, agitation studies were conducted on an
analog orbital shaker (VWR, West Chester, PA) operating at 500 rpm for
64 h at room temperature. Solutions (70 mg/mL mAb1) in A5 buffer
with NaCl (0, 50, 100, or 150 mM) were sterile filtered through 0.22-mm
cellulose acetate filters into 3-cc vials. A Nalgene (Rochester, NY)
polycarbonate box containing a foam insert, modified to hold 16 evenly
spaced 3-cc vials, was used to secure the vials. Four vials were prepared
for each salt concentration and all 16 vials were agitated simultaneously
in a single run.
Turbidity measurements
The turbidity of mAb1 solutions post agitation was determined by moni-
toring the optical density at 360 nm. The measurements were performed
Predictors of Protein Aggregation 2659on a model No. 8453 ultraviolet spectrophotometer (Agilent, Santa Clara,
CA) using a 70-mL quartz cuvette with a path length of 1 cm. The samples
were appropriately diluted to maintain the optical density below 1. Solution
turbidity was calculated by correcting for dilution.RESULTS AND DISCUSSION
The second virial coefficient from diffusion and
sedimentation interactionparameters:accuracyand
the need for independent measurement of ks and kD
The D and s values for HEWL were measured by DLS
and SV respectively, in 10 mM acetate, pH 4.6 (A46)
buffer with varying concentrations (c) of NaCl. For all
the conditions tested, both D-versus-c (Fig. 1 A) and
1/s-versus-c (Fig. 1 B) plots exhibited finite slopes indic-Concentration (gm/mL)
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FIGURE 1 Diffusion and sedimentation interaction parameters for HEWL. (A
protein concentration at 25C in a pH 4.6 acetate buffer. (C) Parameters kD and k
magnitude and bear opposite signs at intermediate NaCl concentrations. (D) Co
buffer at pH 4.6 (this article) with literature values.ative of solution nonideality. The plot could be further
analyzed using Eqs. 2 and 3. The D0 and s0 values calcu-
lated from the y intercepts range from 123 to 125 mm2/s
and 1.9 to 2.1 s, respectively, and are consistent with
values reported for HEWL in the literature (30–32). The
kD and ks were calculated from the slopes and the inter-
cepts. The results (Fig. 1 C) indicate that, through the
entire NaCl concentration range, kD and ks were of
comparable magnitudes. Both coefficients were positive
at 100 mM NaCl and decreased with increasing salt
concentration to negative values at 400 mM NaCl; ks
decreased from 6.2 to 0.4 mL/gm and kD from 4.2 to
5.7 mL/gm. At each NaCl concentration, B2 value was
determined employing Eq. 1, the calculated kD, ks values,
and a sequence molecular mass of HEWL of 14.3 kDaConcentration (gm/mL)
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2660 Saluja et al.(Fig. 1 D). Similar to the interaction parameters, B2 values
decreased with increasing salt concentration.
The measured B2 values were compared with literature
data gathered by using other methods, namely, SIC, SEC,
and SLS (Fig. 1 D). Minor differences were present between
the solution conditions used in this work and those described
in the literature, because data under identical conditions
could not be found. The selected self-interaction chromatog-
raphy (33) and SEC data (18) was for 10 mM acetate buffer,
pH 4.5 and 50 mM acetate buffer, pH 4.7, respectively. The
SLS data (34) from literature was at the same pH (4.6) but
higher buffer concentration, 40 mM acetate, as compared
to 10 mM acetate used in this work.
A general agreement was observed between the measured
B2 values and those reported based on SIC and SECmethods:
B2 decreased with increasing salt concentration. Near-iden-
tical values were noted when comparing the SV-DLS and
SLS methods. Winzor et al. (35) and Deszczynksi et al. (36)
have argued that B2 values measured by sedimentation equi-
librium are more appropriately termed as osmotic second vi-
rial coefficients and reflect interactions solely between solute
molecules; values determined from SLS include contribu-C
A
FIGURE 2 Diffusion and sedimentation interaction parameters for mAb1. (A
protein concentration at 20C in a pH 5.0 acetate (A5) buffer. The control repr
mM NaCl, kD exceeds ks; the two parameters are of comparable magnitude at 10
conditions, values down to 0.38 104 mole-mL/gm2 were noted. (E) Parameter
represents A5 buffer. Note that ks and kD bear opposite signs in NaI and NaSC
Biophysical Journal 99(8) 2657–2665tions from solute/co-solute interactions. Regardless, SLS
has been reliably used to quantify intermolecular interactions,
and its utility for either the prediction of crystallization
conditions or inhibition of protein aggregation is not in
dispute (1,8,37–40). The excellent agreement observed
between our measured B2 values and literature values from
SLS indicates the accuracy of the SV-DLS method for
measurement of B2.
We also measured B2 values for an IgG2 (mAB1) in
10 mM acetate buffer at pH 5.0 as a function of sodium chlo-
ride concentration (0–100 mM), and as function of salt
identity in four different monovalent Hofmeister sodium
salts (0.05 M). In the absence of any added NaCl, both
D-versus-c (Fig. 2 A) and 1/s-versus-c (Fig. 2 B) plots ex-
hibited finite slopes indicative of solution nonideality which
decreased with increasing NaCl concentration. At the high-
est NaCl concentration studied (100 mM), D appeared to
become independent of protein concentration whereas the
1/s-versus-c plot still exhibited a positive slope. The B2
values derived from the calculated ks and kD values
(Fig. 2 C) decreased from 2.99  104 mole-mL/gm2 to
3.81  105 mole-mL/gm2 with increasing NaClD
B
E
) Diffusion coefficients and (B) sedimentation coefficients as a function of
esents A5 buffer. (C) Parameters kD and ks in the presence of 0 mM and 5
mM NaCl. (D) B2 as a function of NaCl concentration. Under near-isotonic
s ks and kD in the presence of 50 mMHofmeister, Na-anion salts. The control
N solutions.
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protein interactions (Fig. 2 D). Similarly, ks and kD values
were determined in the presence of Hofmeister sodium salts.
Both parameters decreased with increasing chaotropic char-
acter of the anion in the order of
CH3COO
ðkS ¼ 14:7 mL=gm; kD ¼ 8:7 mL=gmÞ>
Clð13:7; 3:0Þ > Ið9:9; 0:2Þ > SCNð8:8; 2:1Þ
(see Fig. 2 E). The observed effect of anion concentration
and identity on the solution behavior of mAb1 is consistent
with the hypothesis proposed by Collins et al. (41–43) and
results from our previous work on effects of ions of
mAb aggregation and protein precipitation (44,45). Under
acidic conditions, anions can effectively neutralize the
net positive charge of a basic protein in an ion-specific
manner resulting in increased attractive protein-protein
interactions.
Our results demonstrate that B2 values can be accurately
determined from the sedimentation and diffusion interaction
parameters ks and kD, using a combination of SV and DLS
experiments. Solovyova et al. (29) have proposed a proce-
dure based on fitting sedimentation velocity data for deter-
mination of ks, kD, and consequently B2. The procedure is
based on the assumption that ks >> kD and that both ks
and kD have the same sign (both þve or ve). The authors
have shown a reasonable agreement of the B2 values deter-
mined by SV with those from small angle neutron scattering
(SANS). However, the studies were conducted in 1.5–4.0 M
NaCl and the measured B2 values ranged from ~1.5  104
to ~3.0  104 mol-mL/gm2. Our studies have shown that
under near-isotonic or near-physiological salt conditions,
where relatively smaller values of ks, kD, and B2 may result,
the assumptions outlined by Solovyova et al. may not hold.
In this study, HEWL solutions at 200 mM and 300 mM
NaCl (Fig. 1 C) and mAb1 solutions at 50 mM NaI and
NaSCN (Fig. 2 E) exhibited ks and kD values with opposite
signs. These solution conditions corresponded to B2 values
in the range of 1.0  104 to 0.38  104 mol-mL/gm2,
which were nearly an order-of-magnitude-smaller than
those reported by Solovyova et al. In addition, the ks > kD
assumption also failed for mAb1 under low-salt conditions.
With 0, 5, and 10 mM NaCl, ks (36.9, 27.2, 22.8 mL/gm)
was less than or comparable to kD (52.9, 28.1, 20.3 mL/gm)
(Fig. 2 C).
The data suggest that for reliable prediction of protein
behavior under physiologically relevant salt concentrations,
calculation of B2 through independent measurement of
ks and kD is essential. The need for independent measure-
ment will especially hold for solution conditions wherein
a relatively small change in the nature and extent of
protein-protein interaction, and thus B2, results in significant
difference in the rate of aggregation and particulation
propensity.The diffusional interaction parameter as a high-
throughput predictor of protein aggregation
In protein formulations designed for pharmaceutical thera-
peutics, associative processes including precipitation (phase
separation of the native protein due to low solubility), aggre-
gation (irreversible growth of nonnative oligomers), and
particulation (formation of subvisible/visible proteinaceous
particles) can pose a significant challenge to the quality,
safety, and efficacy of the product (46,47). Stability against
precipitation and particulation needs to be ensured and the
rate of aggregation quantified before a protein drug product
can be approved and marketed. For this reason, long-term
stability data gathered under intended storage conditions is
essential. However, high-throughput methods predictive of
protein association can be quite valuable for early formula-
tion development screens of pH, buffers, and excipients.
The use of B2 as one such predictive tool has been increas-
ingly reported (37,48). Krishnan et al. (49) and Chi et al. (50)
have shown a correlation between B2 and aggregation
of granulocyte colony stimulating factor at pH 6.9–7.0.
Ho et al. (51) have shown similar correlations for denatured
and reduced HEWL. Rosenbaum and Zukoski (34) have
found a strong correlation between B2 and solubility of
HEWL. In this study, the increase in particulation propensity
for mAb1 with salt concentration (Fig. 3 A) and the rate of
aggregation as a function of anion identity (Fig. 3 C) were
consistent with decreasing B2 (Fig. 2 D and Fig. 3 B). Inter-
estingly, a relatively small decrease in the B2 value from
0.55 104mol-mL/gm2 (Cl) to 0.25 104 mol-mL/gm2
(SCN) (Fig. 3 B) corresponded to a dramatic increase in the
rate of aggregation of mAb1 (Fig. 3 C).
However, unlike crystallization, where B2 serves as
a semiquantitative tool (2,52), the use of B2 for the purpose
of formulation development is largely qualitative and is
based on trend analysis with changing solution variables.
Conditions resulting in more repulsive protein-protein inter-
actions, corresponding to more positive values of B2, are
generally preferred. To this end, coefficients ks and kD,
which are directly related to B2 and trend similarly as a func-
tion of solution condition, can serve the same purpose.
Qualitatively, we have observed a similar trend in B2, ks,
and kD with increasing turbidity or particulation propensity
(Fig. 4, A and B) and rates of aggregation (Fig. 4, C and D)
for mAb1. A near-exponential decrease in all three parame-
ters is observed with increasing particulation propensity
and protein aggregation. Results utilizing different buffer
species provided further evidence for correlation between
aggregation rate and hydrodynamic interaction parameters.
For mAb1, the increase in the aggregation rate in the order
acetate  propionate < glutamate < succinate < citrate
(see Fig. 5 A) correlated well with a decrease in the kD value
(Fig. 5 B). The trend was consistent with the effect ofBiophysical Journal 99(8) 2657–2665
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2662 Saluja et al.ion-specific protein interactions (41–43) as well as the
increased ionic strength from succinate and citrate buffers. A
similar approachasbeen recently describedbyRubinet al. (32).
Between the two hydrodynamic interaction parameters,
kD appears to be more suited to a high-throughput screening
strategy than ks. In our experience, the measurement of
kD is 1), faster; 2), requires less material; and 3), provides a
wider dynamic range (Fig. 1 C and Fig. 2, C and E). The last
can prove advantageous under conditions where relativelyBiophysical Journal 99(8) 2657–2665small differences in protein-protein interaction correlate
with a significant change in the solution behavior of the
protein molecule (e.g., mAb1 in presence of Na-anion salts,
Fig. 3, B and C). Recent applications of plate-reader tech-
nology to DLS instruments (51) may allow for further
improvement in the efficiency of kD measurements with
respect to time, effort, and material requirement. Given
these relative advantages and the qualitative nature of the
application of protein interaction parameters (e.g., B2) for
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alone as a predictive tool may be an efficient approach
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